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Aurivillius-phase six-layered Bi7Fe3Ti3O21 (BFTO21) and Nd-doped Bi6.4Nd0.6Fe3Ti3O21
(BNdFTO21) thin films were prepared on Pt(111)/Ti/SiO2/Si(100) substrates by using a chemical
solution deposition method in order to investigate their structural, electrical, and multiferroic prop-
erties. Doping the Bi sites of the BFTO21 with Nd3+-ions led to remarkable improvements in the
electrical and the multiferroic properties. The electrical study of the BNdFTO21 thin film showed
a low leakage current density of 4.38 × 10−6 A/cm2 at an applied electric field of 100 kV/cm, which
was about one order of magnitude lower than that of the BFTO21 thin film. The ferroelectric
P − E hysteresis loop of the BNdFTO21 thin film exhibited a large remnant polarization (2Pr) of
24 µC/cm2 and a low coercive electric field (2Ec) of 154 kV/cm at an applied electric field of 239
kV/cm. Furthermore, the magnetization and the coercive magnetic field that were observed for the
BNdFTO21 thin film at room temperature were drastically enhanced compared to those observed
for the BFTO21 thin film.
PACS numbers: 77.84.-s
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I. INTRODUCTION
The Fe-contained Aurivillius-type bismuth-layered
structure compounds with ferroelectric properties
(BLSF) with the general formula Bin+1Fen−3Ti3O3n+3
(n ≥ 4) have recently received considerable attention be-
cause of their simple structure, lead-free nontoxic nature
and the coexistence of ferroelectric and magnetic prop-
erties with a strong coupling behavior near ambient con-
ditions [1–3]. The crystal structure of these compounds
is formed by the alternating stacking of perovskite-like
(Bin−1Fen−3Ti3O3n+1)2− slabs between the fluorite-like
bismuth-oxygen (Bi2O2)2+ layers along the c-axis [1].
The electrical properties of these materials primarily rely
on these (Bi2O2)2+ layers [1, 4]. Among this family,
the four-layered Bi5FeTi3O15 (n = 4) and five-layered
Bi6Fe2Ti3O18 (n = 5) compounds have been widely in-
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vestigated both in thin film and bulk ceramic form for
multiferroic and magneto-electric applications [1,2,5–9].
As an extension of this series, six-layered
Bi7Fe3Ti3O21 (BFTO21) (n = 6) has recently been
investigated for the multiferroic applications [3, 10–12].
The coexistence of ferroelectric and ferromagnetic
properties was reported for bulk ceramics of the type
BFTO21 doped with the rare earth element Gd and
the transition metal Ni [11, 12]. However, in the bulk
ceramic form the BFTO21 showed low ferroelectric
polarization and leaky hysteresis behavior [11, 12]. For
practical use in storage devices, multiferroic materials
are required to exhibit a low leakage current density
and well-saturated ferroelectric and magnetic hysteresis
loops with a large polarization and large magnetization,
respectively. Therefore, it is technologically important
to improve the electrical and the multiferroic properties
of the BFTO21 thin film.
In this study, thin films of the pure BFTO21 and the
Nd-doped Bi6.4Nd0.6Fe3Ti3O21 (BNdFTO21) thin films
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were prepared on Pt(111)/Ti/SiO2/Si(100) substrates by
using a chemical solution deposition (CSD) method for
the systematic investigations of the structural, electri-
cal and multiferroic properties. The ionic radius of the
Nd3+-ion (1.109 A˚) is slightly smaller than that of the
Bi3+-ion (1.17 A˚); therefore, it is easy to incorporate into
the Bi-site of the BFTO21 thin film. Furthermore, the
use of the rare earth Nd3+-ion for doping purposes has
been strongly recommended for improving the electri-
cal and multiferroic properties of the Fe-contained BLSF
compounds [13]. However, to the best of our knowledge
there are no investigations on the effect of Nd3+-ion dop-
ing on the electrical and multiferroic properties of the
six-layered Aurivillius BFTO21 thin film.
II. EXPERIMENTAL PROCEDURE
Thin films of BFTO21 and BNdFTO21 were deposited
on Pt(111)/Ti/SiO2/Si(100) substrates by using a CSD
method. The raw materials bismuth nitrate pentahy-
drate, iron nitrate nonahydrate, titanium isopropoxide,
and neodymium nitrate hexahydrate were used for the
preparation of the precursor solutions. The solvent was
prepared by mixing 2-methoxyethanol and ethylene gly-
col with constant stirring at room temperature. To
the above solvent, acetic acid was added as a cata-
lyst. Measured quantities of bismuth nitrate pentahy-
drate, neodymium nitrate hexahydrate, and iron nitrate
nonahydrate were added to the above solution sequen-
tially at 30 min intervals. A homogeneous solution of
2-methoxyethanol and acetylacetone, which was used as
a stabilizing agent, was separately prepared in a glove
box at room temperature, after which the titanium iso-
propoxide was dissolved in this mixture and stirred for
1.5 h. Finally, the Ti-solution was added to the Bi-
Nd-Fe solution to form the BNdFTO21 precursor, and
this solution mixture was stirred for an additional 2 h.
The BFTO21 precursor solution was also prepared in the
same manner for the comparison. The concentrations of
the precursor solutions were calculated to be 0.1 M.
The BFTO21 and the BNdFTO21 precursor solution
were deposited on the Pt(111)/Ti/SiO2/Si(100) sub-
strates by using a spin-coating method at an angular
spin velocity of 3000 rpm for 20 s. Subsequently, the
deposited wet thin films were dried and prebaked at 200
◦C and 360 ◦C for 5 min, respectively, on a hot plate.
The coating, drying, and prebaking processes were re-
peated 15 times to acquire the desired film thickness.
Then, the thin films were annealed at 600 ◦C for 3 min
by rapid thermal annealing under an oxygen atmosphere
to achieve crystallization.
The structures of the thin films were investigated by
using an X-ray diffractometer (Rigaku, MiniFlex II) and
a Raman spectroscope (Jasco, NRS-3100). The surface
morphologies and the film thicknesses of the thin films
were examined by using a field emission scanning elec-
tron microscope (Tescan, MIRA II LMH). The platinum
electrodes with areas of 1.54 × 10−4 cm2 were deposited
on the top surfaces of the thin films by ion sputtering
through a metal shadow mask to measure the electri-
cal and the ferroelectric properties. The leakage cur-
rent densities of the thin films were investigated by us-
ing an electrometer (Keithley, 6517A). The ferroelectric
hysteresis loops of the thin films were traced at a fre-
quency of 1.25 kHz by using a standardized ferroelec-
tric test system (Radiant Technologies, Precision LC).
The dielectric properties were analyzed by using a low
frequency impedance analyzer (HP, 4192A). The room-
temperature magnetic properties of the thin films were
measured by using a physical property measurement sys-
tem (Quantum Design Inc., PPMS-7).
III. RESULTS AND DISCUSSION
Figure 1 shows the X-ray diffraction (XRD) patterns
of the thin films deposited on Pt(111)/Ti/SiO2/Si(100)
substrates, which were obtained by interacting X-rays
of wavelength 1.5418 A˚ generated by CuKα. The XRD
peaks of the thin films could be well indexed in ac-
cordance with the orthorhombic six-layered Aurivillius
Bi7Fe3Ti3O21 structure, which has a space group of
F2mm [10–12]. As can be seen in Fig. 1, the BNdFTO21
thin film exhibited strong diffraction intensities com-
pared to the BFTO21 thin film. Furthermore, the sharp
(1111) and the weak (2214) planes were observed for the
BNdFTO21 thin film, while these planes were absent
from the BFTO21 thin film. These results indicated that
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Fig. 1. XRD patterns of the BFTO21 and the
BNdFTO21 thin films prepared on Pt(111)/Ti/SiO2
/Si(100) substrates.
the crystallinity of the BNdFTO21 thin film was notably
improved by doping the Bi-sites of the six-layered Au-
rivillius structure with Nd3+-ions. It is worthy to note
that there were no additional peaks corresponding to sec-
ondary or impurity phases. Moreover, there were no sig-
nificant shifts in the peak positions of the BNdFTO21
thin film as compared with the BFTO21 thin film. From
these results, it was inferred that the concentration of
Nd3+-ions that was used for doping is not sufficient to
commence secondary phases or change the lattice param-
eters of the BNdFTO21 thin film.
The effect of Nd3+-ion doping on the structure of the
BFTO21 was further investigated by using a Raman
scattering spectroscope. The Raman spectra of the thin
films were obtained at room temperature and are shown
in Fig. 2. The phonon modes of the Raman spectra of
the BLSF compounds are classified into two spectral re-
gions, which are the low frequency phonon modes (below
200 cm−1) and high frequency phonon modes (above 200
cm−1), respectively [14]. The phonon modes that oc-
curred below 200 cm−1 are ascribed to the vibrations of
Bi3+-ions [14]. As shown Fig. 2, the Raman modes,
which are formed at 93 cm−1, 121 cm−1, and 185 cm−1
originate from the Bi3+-ion vibrations in the perovskite
layer [12, 14]. The Raman modes that occurred above
200 cm−1 are related to the torsional bending and the
stretching vibrational modes of the [Ti(Fe)O6] octahedra
[14]. The major vibrational modes, which were formed
at 251 cm−1, 549 cm−1, and 836 cm−1 are ascribed to
Fig. 2. Raman scattering spectra of the BFTO21 and the
BNdFTO21 thin films measured at room temperature.
the O-Ti-O bending, Ti-O torsional bending, and Ti-O
asymmetric stretching vibrations, respectively [11]. The
formation of the phonon mode at 328 cm−1 is attributed
to the ferroelectric phase transition [11]. The torsional
bending mode observed at 685 cm−1 is assigned to the
FeO6 octahedra. The phonon mode formed at 487 cm−1
is assigned to the opposing extensions of the external api-
cal oxygen atoms of the octahedra [15]. The weak mode
formed at 776 cm−1 is related to the Ti(Fe)O6 octahedra.
As shown in Fig. 2, a broadening of the Raman bands
was observed in the low frequency region, a phenomenon
which could be attributed to the doping of the Nd3+-ion
into the Bi-site of the perovskite block [12]. A weak Ra-
man peak was formed at 185 cm−1 in the BFTO21 thin
film, whereas, it appeared merged as a broad peak in the
BNdFTO21 thin film. Furthermore, the Raman peak at
836 cm−1 in the BNdFTO21 thin film was significantly
stronger compared with the corresponding peak of the
BFTO21 thin film. These results could be attributed to
the octahedral distortion introduced into the pseudoper-
ovskite block of the BFTO21 as a result of the presence
of the Nd3+-ions [12]. The Raman study is well corre-
lated with the XRD study to confirm the formation of
an orthorhombic six-layered Aurivillius structure.
The surface morphologies of the thin films were in-
vestigated by using a scanning electron microscope
(SEM). Figure 3 illustrates the SEM images of the
BFTO21 and the BNdFTO21 thin films deposited on
Pt(111)/Ti/SiO2/Si(100) substrates. As shown in Fig. 3,
both of the thin films contain rod and platelet-like grains
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Fig. 3. Surface morphologies and cross-sectional micro-
graphs of the BFTO21 and the BNdFTO21 thin films.
in their surface morphologies. The BFTO21 thin film
exhibits wide pores resulting in a rough surface, while,
the BNdFTO21 thin film showed relatively well-grown
grains agglomerated on the surface. The thin films were
found to have thicknesses of 630 nm (BFTO21) and 700
nm (BNdFTO21), as evaluated from the cross-sectional
SEM images embedded in Fig. 3.
The plots of the leakage current densities (J) ver-
sus applied electric fields (E) of the BFTO21 and the
BNdFTO21 thin films are depicted in Fig. 4. The leakage
current, as shown in Fig. 4, has been suppressed by one
order of magnitude as a result of doping the Bi-sites of
the BFTO21 with Nd3+-ions. The measured leakage cur-
rent densities of the BFTO21 and the BNdFTO21 thin
films were 2.43 × 10−5 A/cm2 and 4.38 × 10−6 A/cm2
at an applied electric field of 100 kV/cm, respectively.
The large concentration of oxygen vacancies and the wide
pores in the surface morphology could be attributed to
the large leakage current density in the BFTO21 thin film
[16]. The suppression of oxygen vacancies resulting from
the doping by Nd3+-ions can be related to the low leakage
current density of the BNdFTO21 thin film [13]. Doping
with Nd3+-ions also stabilizes the perovskite structure by
compensating for the Bi3+-ion vacancies in the Aurivil-
lius structure [17]. The leakage current mechanisms of
the thin films were investigated by obtaining the logarith-
mic plots of the leakage current densities versus applied
electric fields, which are shown in the inset of Fig. 4. In
the inset it can be seen that both of the thin films obey
Ohmic conduction mechanisms, as indicated by the lin-
ear relationship between the applied electric fields and
the leakage current densities [18]. The BFTO21 and the
BNdFTO21 thin films exhibited linearly fitted lines over
the entire region of the applied electric field with the
Fig. 4. Leakage current densities and log(J)-log(E) char-
acteristics of the BFTO21 and the BNdFTO21 thin films.
Fig. 5. Frequency-dependent dielectric properties of the
BFTO21 and the BNdFTO21 thin films.
slope value S∼1, indicating that the flow of electric cur-
rent in these thin films is mainly due to the thermally
injected electrons [18,19]. The Ohmic conduction mech-
anism can be expressed as
J = eµNeE,
where e is the electron charge, µ is the free carrier mo-
bility, Ne is the density of the thermally stimulated elec-
trons, and E is the applied electric field.
Figure 5 demonstrates the dielectric properties of the
thin films measured at room temperature by varying the
applied frequency in the range from 102 to 107 Hz. From
Fig. 5, the measured dielectric constant (ε) and dielectric
loss values for the BFTO21 and the BNdFTO21 thin
films were 407 and 0.120, and 430 and 0.047, respectively,
at an applied frequency of 1 kHz. This study indicates
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Fig. 6. Ferroelectric polarization-electric field (P − E)
hysteresis loops of the BFTO21 and the BNdFTO21 thin
films.
that it is possible to achieve a reduction in the dielectric
loss of the BNdFTO21 thin film by doping with Nd3+-
ions. The low value of the dielectric loss of this thin
film could be well correlated to the reduced space charge
contribution [20].
The effect of the Nd3+-ion doping on the ferroelec-
tric and ferromagnetic properties were investigated at
room temperature. Figure 6 illustrates the ferroelec-
tric polarization-electric field (P − E) hysteresis loops
of the BFTO21 and the BNdFTO21 thin films, which
were measured at a frequency of 1.25 kHz using trian-
gular pulses at room temperature. As can be seen in
the figure, the Nd-doped BNdFTO21 thin film exhibited
well-shaped ferroelectric P − E hysteresis loops with a
large remnant polarization. The measured remnant po-
larization (2Pr) and coercive electric field (2Ec) values of
the BFTO21 thin film at 318 kV/cm were 3.5 µC/cm2
and 47 kV/cm, respectively, whereas the 2Pr and 2Ec
values measured for the BNdFTO21 thin film at 239
kV/cm were 24 µC/cm2 and 154 kV/cm, respectively.
The large leakage current density could be attributed
to the low polarization of the BFTO21 thin film. The
suppression of the leakage current density by doping the
Bi-sites of the BFTO21 with Nd3+-ions could be related
to the large ferroelectric polarization of the BNdFTO21
thin film [13]. The presence of a large concentration of
oxygen vacancies in the ferroelectric thin films causes do-
main pinning, which in turn leads to poor domain switch-
ing and low ferroelectric polarization [16]. The Nd3+-ion
Fig. 7. Magnetization-magnetic field (M − H) hystere-
sis loops of the BFTO21 and the BNdFTO21 thin films
measured at room temperature and an inset showing an
enlargement of the low-field region of the M −H curves
to show the ferromagnetism.
doping enhances the suppression of the oxygen vacan-
cies; hence, it reduces domain pinning in the BNdFTO21
thin film. Furthermore, the structural distortion induced
by the Nd-ion doping could also contribute to enhance
the ferroelectric polarization in the BNdFTO21 thin film
[13].
The magnetic field (H) dependent magnetization (M)
plots of the thin films were measured at room temper-
ature as shown in Fig. 7. The figure clearly shows that
both of the thin films have well-saturated M − H hys-
teresis loops. However, the Nd3+-ion doping leads to im-
proved ferromagnetic properties in the BNdFTO21 thin
film. The inset of Fig. 7 shows enlargements of theM−H
plots, which were used to estimate the remnant mag-
netization (2Mr) and the coercive magnetic field (2Hc)
values of the BFTO21 and the BNdFTO21 thin films
as 0.0089 emu/cm3 and 0.11 kOe and 0.1 emu/cm3 and
1.04 kOe, respectively, at an applied magnetic field of
10 kOe. The enhanced magnetization of the BNdFTO21
thin film could be attributed to the structural distortion
[11,12], which leads to additional tilting of the octahe-
dra in the perovskite structure. The octahedral tilting
releases locked magnetization in the dominant antiferro-
magnetic spiral spin state of the BFTO21 by changing
the Fe3+-O2−-Fe3+ bond angle in the Aurivillius struc-
ture [12]. In overall consideration, the Nd3+-ion acts
as an effective dopant to improve the electrical and the
multiferroic properties of the BFTO21 thin film.
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IV. CONCLUSIONS
In summary, multiferroic Aurivillius phase
six-layered Bi7Fe3Ti3O21 (BFTO21) and the
Bi6.4Nd0.6Fe3Ti3O21 (BNdFTO21) thin films were
prepared on Pt(111)/Ti/SiO2/Si(100) substrates by
using a chemical solution deposition method. Based on
the experimental results, it was inferred that Nd3+-ion
doping enhances the electrical and the multiferroic
properties of the BFTO21 thin film. The leakage
current density of the BNdFTO21 thin film was one
order of magnitude lower than that of the BFTO21 thin
film. Furthermore, the BNdFTO21 thin film exhibited a
large ferroelectric polarization (2Pr) of 24 µC/cm2 and
large magnetization (2Mr) of 0.1 emu/cm3 as compared
with the BFTO21 thin film. The improved electrical
and multiferroic properties of the BNdFTO21 thin film
have been related to a decrease in the number of oxygen
vacancies and the structural distortion caused by doping
the Bi-site of the BFTO21 with a Nd3+-ion.
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